When Friend murine erythroleukemia (F-MEL) cells are induced (LCR). 6 The ␤-globin complex LCR (␤- encoding heme biosynthetic enzymes, porphobilinogen
ase 24 suggesting a broad role for the protein NF-E2 in erythroid-specific gene expression.
The role of the NF-E2 complex and its subunits p45 and Introduction p18 in the DMSO-or HMBA-induced erythroid differentiation of F-MEL cells is unclear. It was reported that both NF-E2 DNA Friend murine erythroleukemia (F-MEL) cells are virus-transbinding and NF-E2 site-dependent transcriptional activities formed erythroid precursors cells blocked at an early stage increase during the induction of MEL differentiation. 13, 14, 25, 26 in erythroid differentiation. This arrest can be overcome by Recent studies on one Friend erythroleukemia cell line, which exposure to a variety of chemical inducers, including DMSO lacks NF-E2 p45 due to Friend virus integration, showed a and HMBA.
1,2 Variants of F-MEL cells have been obtained drastic reduction in expression of the ␣-and ␤-globin genes. 27 which differ in their response to chemical inducers. These cell Reintroduction of the NF-E2p45 gene into this cell line parmodels are useful for studying the mechanism of erythroid diftially restores globin RNA expression suggesting that it may ferentiation since induced F-MEL cells undergo phenotypic be critical for differentiation of F-MEL cells. The presence of changes that resemble the final changes of normal erythropo-NF-E2p18 in the NF-E2 complex increases binding specificity iesis. Induction of erythroid differentiation of MEL cells by for the bases lying outside the AP-1 core of the NF-E2 consen-DMSO or HMBA is characterized by the cessation of DNA sus binding site, suggesting its possible role in transcription synthesis and by the expression of hemoglobin in the cells. 3 activation of the globin gene. 17 Igarashi et al 28 have recently The most striking feature during the process of induced differreported that overexpression of mafK induces spontaneous entiation of F-MEL cells is the increased synthesis of globin erythroid differentiation of a Friend cell line. However, the chains which results from the activation of ␣ and ␤ globin molecular basis of this induction of differentiation by gene transcription. 4, 5 p18/mafK, specially the involvement of NF-E2 activity, has not Expression of mammalian globin genes depends on been clarified. upstream regulated elements, termed locus control regions
In order to gain better understanding of the function of NFE2p18/MafK during the DMSO-induced differentiation of F-MEL cell, we have introduced NF-E2p18 expression vectors g) was isolated at the time points indicated (in hours) after addition of 2% (v/v) DMSO. Northern blots were hybridized sequentially to probes homologous to NF-E2p45, NF-E2p18 and GAPDH followed by autoradiography. The different transcripts migrate as follows: NFE2p45 1.8 kb; NF-E2p18 3.1 kb; GAPDH 1.4 kb.
Figure 2
NF-E2p45 protein expression and NF-E2 DNA complex formation in F-MEL cells following stimulation with 2% of DMSO. (a) Western blot analysis of total proteins using a NF-E2p45-specific antibody. Total protein 50 g were separated by SDS-PAGE and blotted onto nitrocellulose. The blots were developed using the alkaline phosphatase system. The time in hours of DMSO treatment is indicated. (b) DNAbinding activity of NF-E2 in nuclear extracts proteins from F-MEL cells before DMSO treatment. The oligonucleotide probe containing NF-E2 consensus sequence was incubated with 10 g of nuclear extract protein and EMSA were performed as described in Materials and methods. Specificity of binding was confirmed by competition with excess unlabeled oligonucleotide probe (not shown). Where indicated, 1 l of anti-NF-E2p45 antiserum was added before addition of probe. (c) DNA-binding activity of NF-E2 in nuclear extracts proteins from F-MEL cells after DMSO treatment (4 days).
erythroid differentiation of both cell lines. Conversely, transincreasing both NF-E2 DNA-binding and NF-E2 transcriptional activities. fection with antisense p18 vectors inhibits the induction of F-MEL erythroid differentiation by the DMSO suggesting that NFE2p18/MafK is necessary to induce globin expression in F-MEL cells during the process of differentiation. In an effort to Materials and methods elucidate the molecular mechanism that underlie the relationship between p18/MafK and F-MEL differentiation, we show a Construction of NF-E2p18 sense and antisense vectors (pcDNA3-p18S and pcDNA3-p18AS). A 510-bp EcoRI/EcoRI cDNA fragment encompassing the entire coding region was inserted into the corresponding sites of the expression pcDNA3 vector (Invitrogen).
sense orientation. 17 The resulting plasmids contain the p18 agarose gels and visualized by ethidium bromide staining. To confirm specificity in some cases, the agarose gels were sense (pcDNA3-p18S) or antisense (pcDNA3-p18AS) downstream of the CMV promoter and the neomycin gene as a Southern blotted on Biodyne nylon membranes (Pall, Ilfracombe, UK) and hybridized with p18 probe. selective marker.
Cell lines and transfection
Western blot analysis
Total cellular protein was subjected to SDS-PAGE, electroblot-F-MEL cells, strain 745A and TFP10 and derived transfectants were grown in RPMI-1640 medium (Gibco, Paisley, UK) conted onto a membrane, incubated with a NF-E2-p45 specific antibody (generous gift from N Andrews) and developed using taining 10% fetal calf serum (FCS; Eurobio, Les Ulis, France). For each transfection 2 × 10 7 log-phase cells were washed in an antirabbit (IgG) alkaline phosphatase conjugated antibody, as previously described. Hercules, CA, USA) with conditions of 370 V and 500 F.
After electroporation cells were resuspended in fresh medium Nuclear extracts were prepared from 5 × 10 7 cells using previously described protocols 32, 33 in the presence of protease and after 48 h at 37°C were plated in 96-well dishes at 2.5 × 10 4 cells per ml in medium containing 300 g/ml of inhibitors (leupeptin, aprotinin, phenylmethylsulfonyl fluoride, o-phenatroline). Protein was quantitated by the Bradford geneticin (G418; Gibco-BRL). Wells containing single clones were selected on day 12-17 and transferred to 24-well dishes method. Nuclear extract protein 10 g were incubated with 30 000 c.p.m. of 32 P-labeled probe in a 20 l of reaction mixthen to 25 cm 2 plates. ture containing 1 g of poly(dI-dC) and 2 g of bovine serum albumine (BSA). After incubation on ice for 30 min, samples were run on a 5% polyacrylamide gel in 0.5 × tris-borateBenzidine staining EDTA buffer for 2 h at 10 V/cm. Gels were dried and exposed to the screen of a phosphorimager (Molecular Dynamics, Cells were seeded at 1 × 10 5 cells per ml and DMSO was added at a final concentration of 1 or 2% (v/v). The degree of Sunnyvale, CA, USA). When indicated, 1 l of anti-NF-E2p45 antiserum was preincubated with nuclear extracts for 10 min differentiation was scored on day 5 by counting the percentage of benzidine-positive cells as previously described. 29 before the addition of the probe. The following oligonucleotide probe, containing the NF-E2 site was used (top strand): 5Ј-CTG-GGGAACCTGTGCTGAGTCACTGGAGG-3Ј.
The top strand fragment was 32 P labeled at 5Ј ends with T4
RNA analysis polynucleotide kinase and (␥-32 P)ATP (New England Nuclear, Boston, MA, USA) according to standard procedures, Total RNA was extracted by the guanidine/cesium chloride method and analysed by Northern blot or RT-PCR as preannealed to the complementary strand, and separated from the unincorporated nucleotides over a Sephadex G50 column. viously described. 30, 31 For Northern blot analysis, the following hybridization probes were used: p18, a 0.51-kb EcoRI fragment of cDNA NF-E2 p18; p45, a 1.3-kb EcoRI fragment of cDNA NF-E2p45; ␣ globin, a 1.5-kb PstI fragment human Transient transfection experiments genomic fragment; GAPDH, a 1.3-kb PstI fragment of cDNA of rat GAPDH. For RT-PCR analysis of p18 sense and antiTranscriptional activation assays were performed by transient transfections of F-MEL or NIH/3T3 cells with a hGH reporter sense expression, the upstream primer is located in the T7 RNA promoter of the pcDNA3 vector (position 862-882). The construct containing a globin TATA box under the control of the ␤-globin tandem NF-E2 sites and a binding site for one downstream primers for detecting p18 sense or antisense expression are located from position 516 to 497 or 185-166 other erythroid transcriptional factor GATA-1. This construct (GATA-NF-E2-hGH) was previously described 26 and kindly according to the numbering of the NF-Ep18 sense cDNA, respectively. 17 The PCR products were electrophoresed in provided by D Martin (Fred Hutchinson Cancer Institute,
Results

Increase of NF-E2 p45 expression and NF-E2 DNAbinding activity during DMSO-induced differentiation of F-MEL cells
For this study we used two different MEL cell lines, the 745A cell line which is induced to terminal erythroid differentiation by exposure to 2% of DMSO and the TFP10 cell line, the erythroid differentiation of which is partially resistant to this same treatment. 29 The expression of p45 and p18 gene was examined by Northern blot analysis using 5 g of poly(A) + RNA and labeled probes as described in the Materials and methods.
As shown in Figure 1 both untreated F-MEL cell lines constitutively expressed p45 mRNA. DMSO treatment of 745A induced an early decline in p45 between 4 and 8 h. The levels of p45 mRNA returned to that of untreated by 24 h and progressively increased until day 5 (120 h). A same early biphasic change of p45 expression, followed by an increase after 24 h was observed in DMSO-treated TFP10 cells. The p45 protein expression analyzed by Western blot followed p45 mRNA expression and an increase of p45 protein after 24 h of DMSO treatment was observed in both cell lines (Figure 2a ). Similar p18 mRNA levels were observed in both untreated 745A and TFP10 cells (Figure 1) . In contrast to p45 mRNA expression, the levels of p18 mRNA were low and were unchanged during DMSO treatment.
We next sought to investigate NF-E2 DNA-binding activity in nuclear extracts as determined by a gel mobility shift assay. Figure 2b showed this DNA-binding activity in extracts of 745A and TFP10 cell lines before DMSO treatment. A predominant band was seen corresponding to the specific NF-E2 complex since it disappeared when the nuclear extract was treated by an anti-p45 antibody. The most slowly migrating band appeared to correspond to the AP-1 complex since its Establishment of stable transfectants expressing sense and antisense NF-E2p18 transcripts Seattle, WA, USA). Supercoiled plasmids were prepared by purification over a Qiagen tip-500 column. Electroporations were performed using the Bio-Rad gene pulser with conditions To investigate the potential role of the NF-E2p18 subunit in conferring DMSO-induced erythroid differentiation, we introof 400 V and 500 F, 10 g of supercoiled reporter construct and 2 × 10 7 cells in a 0.8 ml of phosphate-buffered duced sense and antisense p18 expression vectors into both 745A and TFP10 cells. p18 cDNA was cloned in both sense saline/50 mm Hepes/10 g salmon sperm DNA. When indicated, the transfection mixture also contained 40 g of the and antisense orientations into the pcDNA3 vector (Invitrogen) as shown in Figure 3 . Cells were transfected by supercoiled p18 sense expression vector (pcDNA3-p18S). Cells were resuspended in fresh medium and 48 h after elecelectroporation with plasmid DNA from one of the expression vectors. Cells stably expressing sense or antisense constructs troporation, medium was harvested and 10 l (or 100 l for NIH/3T3) was assayed for hGH using an ELISA kit were selected by growth in G418 (Gibco-BRL) and 10 to 20 individual clones were obtained for each group. Clones (Eurogenetics, Tessenderlo, Belgium) according to the manufacturer's recommendations.
expressing sense (p18-S) or antisense p18 (p18-AS) transcripts
Figure 5
Erythroid differentiation of parental F-MEL cells and clones transfected with sense NF-E2p18 in absence and in presence of 1% of DMSO. Untransfected 745A and TFP10 cells and 745A and TFP10 clones stably transfected with p18 sense vector (745A p18-S and TFP10 p18-S) were grown in absence (−) or in presence (+) of 1% DMSO for 5 days at which time terminal differentiation was scored by counting the percentage of benzidine-positive cells.
had cell doubling times similar to those of the parental cell pared with the parental 745A cells (75% of benzidine-positive cells). TFP10 clone transfected with p18 antisense (TFP10 lines (not shown). All clones were examined for their ability to differentiate with DMSO, and randomly selected clones were p18-AS) also had reduced ability to differentiate in the presence of 2% DMSO (10% benzidine-positive cells) as comexamined for RNA expression and for NF-E2 DNA-binding activity.
pared with the parental TFP10 cells (18% benzidine-positive cells). These data indicate that p18/mafK is required for the DMSO-induced differentiation of F-MEL cells.
Effect of p18 on spontaneous and DMSO-induced differentiation of MEL cells Correlation of NF-E2 binding activity and globin expression in Friend clones overexpressing p18
In the case of p18 sense-transfected clones, RT-PCR and Northern analysis demonstrated a wide range of exogenous p18 expression in both 745A and TF-P10 clones (not shown). In order to determine whether p18 expression is correlated to a change of the NF-E2 complex, we analyzed the NF-E2 DNA- Figure 4 illustrates the expression of exogenous p18 RNA in two clones, 745A p18-S and TFP10 p18-S. To determine the binding activity in their nuclear extracts in the absence of DMSO treatment. As shown in Figure 7a , both 745A and differentiation potential of the clones transfected with sense p18, they were stained with benzidine to detect hemoglobin TFP10 clones transfected with the p18 sense vector exhibited an increase of specific NF-E2 binding activity compared to synthesis before and after induction with DMSO. As compared with the parental 745A cells which did not exhibit parental cells. In contrast clones overexpressing p18 showed no apparent change in the AP-1 complex. A decrease of the spontaneous erythroid differentiation, 745A clone expressing p18 transcripts (745A p18-S) showed 5-6% benzidine-posi-NF-E2 binding activity was seen when 745A or TFP10 cells were transfected with p18 antisense (Figure 7a ). These results tive cells in the absence of DMSO ( Figure 5 ). These results are in agreement with those reported by Igarashi et al. 28 Moreover indicate that overexpression of p18 in F-MEL cells leads to an increase of the NF-E2 DNA-binding complex. clone 745A p18-S had an increased ability to differentiate in response to 1% DMSO. Eighty percent of transfected 745A
To clarify further the correlation of globin expression and NF-E2 binding activity in the p18 sense and antisense clones cells were benzidine-positive as opposed to 10% of cells in the control 745A. TFP10 p18-S clone was also able to differbefore DMSO treatment, we determined globin RNA expression by Northern blot analysis. Figure 4b showed a high entiate following exposure to 1% DMSO (55% benzidinepositive cells) as compared to parental TFP10 cells which level expression of ␣ globin mRNA in 745A clone expressing exogenous p18 sense (745Ap18-S) whereas no expression of were totally resistant to the same treatment with DMSO ( Figure 5 ). We conclude that the induction of erythroid globin was detected in 745A parental cells. Low levels of globin transcripts were also detected in TFP10 clone expressing differentiation by the DMSO is dependent on the levels of p18 transcripts in F-MEL cells.
p18 sense (TFP10p18-S). As expected, no detectable globin RNA was seen in clones expressing p18 antisense (Figure 4b) . These results suggest a good correlation between the globin mRNA expression and the increase of NF-E2 DNA-binding Transfection with antisense p18 inhibits DMSOinduced differentiation activity induced by overexpression of p18 in F-MEL cells.
In the case of p18 antisense-transfected clones, antisense p18 transcripts were detected by RT-PCR (Figure 6a) . The results
NF-E2p18 activates NF-E2 transcriptional activity in
Friend erythroleukemia cells demonstrated that the p18 antisense was transcribed in both 745A and TFP10 clones. As shown in Figure 6B , 745A clone transfected with p18 antisense (745A p18-AS) showed a draTo determine whether p18 can activate NF-E2 transcriptional activity in F However, some variants of F-MEL cells differ in their response to DMSO-induced differentiation. Globin gene expression requires the integrity of the NF-E2 sites of LCR HS-2. The role of the NF-E2 complex which binds these sites in globin gene expression, and therefore in the induction of F-MEL erythroid differentiation has been hypothesized. 36, 37 Thus, the absence of the larger p45 subunit of NF-E2 resulted in a drastic decrease of globin expression in one case of Friend leukemia cells. 27 We show herein that differentiation-sensitive 745A cells and partially DMSO-resistant TFP10 cells exhibit similar expression of the NF-E2 components, p45 and p18 before DMSO treatment. Moreover, a similar increase of the p45 component of NF-E2 was observed in both cell lines after DMSO treatment. Therefore, the resistance of TFP10 cells to erythroid differentiation cannot be explained by the amount of NF-E2 complex. Recent studies indicate that protein kinase A may regulate the DNA-binding activity of NF-E2 complex during the HMBA-induced differentiation.
25 However, our data show a similar increase in NF-E2 DNA-binding activity in both 745A and TFP10 cell lines following DMSO treatment suggesting the involvement of other regulators than NF-E2 in the regulation of globin expression in these particular Friend cell lines. For example, we have previously reported that the presence of c-jun expression in TFP10 cells can decrease their ability to differentiate by the DMSO. 31 The smaller p18 subunit of NF-E2 was described for the first time in F-MEL cells. It was reported that NF-E2 p18 is coded by the mafK gene which belongs to the small Maf family proteins lacking transactivation domains. 21 Recently Igarashi et al 28 reported that overexpression of p18/mafK could induce spontaneous erythroid differentiation of a murine erythroleu- maf family protein in antisense p18 clones. It remains to be determined whether NF-E2p18 could also be involved in the regulation of normal erythroid differentiation in vivo.
We found an increase of the DNA-binding activity of NF-E2 in F-MEL clones overexpressing p18 whereas this activity expression in the presence of NF-E2p18 sense expression vector. We have studied the effect of p18 expression on a reporter was decreased in clones expressing antisense p18. In contrast to recent studies of Igarashi et al, 28 we did not observe new construct described by Walters et al 26 which contains a globin TATA box under the control of the ␤-globin tandem NF-E2 complexes when p18/mafK is overexpressed. This discrepancy with our results could reflect differences between the Friend sites and a binding site for one other erythroid transcriptional factor GATA-1 (GATA-NF-E2-hGH). As shown in Figure 7b , cell lines studied or differences between the probes used for testing NF-E2 DNA-binding activity. The increase of binding NF-E2p18 overexpression resulted in an increase in hGH reporter gene expression, in both 745A (five-fold) and TFP10 activity of the NF-E2 complex induced by overexpression of p18 is correlated to the induction of globin mRNAs in F-MEL (2.5-fold) cell lines. In contrast, transfection of NIH/3T3 cells with the same reporter construct showed that NF-E2 transcripcells suggesting that the factor NF-E2 is critical for transcription of globin. Our results are in agreement with recent studtional activity was reduced by NF-E2p18 expression, this last result being in agreement with the work of Igarashi et al. 21 ies 36 which show the requirement of the NF-E2 p45-p18 heterodimer for high-level globin gene expression in MEL cells. These results indicate that overexpression of p18 can activate NF-E2 site-dependent transcription in F-MEL cells.
p18/MafK homodimers can bind to NF-E2 sites but they
Figure 7
Overexpression of NF-E2p18 increases NF-E2 activity in F-MEL cells. (a) NF-E2 DNA-binding activity in F-MEL cells transfected with sense and antisense NF-E2p18. Nuclear extracts were prepared from parental 745A and TFP10 cells and from clones transfected with p18 sense (745A p18S and TFP10 p18S) and antisense (745A p18AS and TFP10 p18AS). Nuclear extract protein (10 g) were incubated with the NF-E2 oligonucleotide probe and gel mobility shifts assays were performed as described in Materials and methods. (b) Effect of NF-E2p18 on NF-E2 transcriptional activity in NIH/3T3 and F-MEL cells. Cells were transfected with a gene reporter construct (GATA-NFE2-hGH) containing GATA and NF-E2 DNA-binding sites upstream of a rabbit ␤-globin TATA box driving expression of the hGH gene. When indicated, GATA-NFE2-hGH was cotransfected with 40 g of plasmid expressing NF-E2p18. Forty-eight hours after electroporation, medium was harvested and was assayed for hGH using an ELISA kit (Eurogenetics) according to the manufacturer's recommendations. hGH levels in culture medium are indicated. The results consist of the average of three separate experiments and error bars represent standard error (s.e.) of the mean.
repress NF-E2 site-dependent gene expression in nonAcknowledgements erythroid cells, which do not contain p45. 21 In contrast, we showed herein that in Friend erythroleukemia cells, NF-E2p18
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Finally, experiments including both overexpression and
